There is no licensed vaccine available against Chlamydia trachomatis, the leading cause of bacterial sexually transmitted disease. We have found that intranasal immunization with recombinant chlamydial protease-like activity factor (CPAF) induces CD4 ؉ T-cell-and gamma interferon (IFN-␥)-dependent protective immunity against murine genital chlamydial infection, thus making CPAF a viable vaccine candidate for further characterization. HLA-DR4 is the predominant allele involved in chlamydial antigen presentation to CD4 ؉ T cells in humans. We used engineered mice that lack endogenous major histocompatibility complex class II (MHC-II) alleles but express a human HLA allele (HLA-DR4 transgenic [tg] mice) to examine primary immune and CPAF-mediated responses against genital Chlamydia muridarum challenge. Upon primary bacterial exposure, HLA-DR4 tg mice developed Chlamydia-specific IFN-␥ and antibody production and resolved the infection within 30 days, similar to challenged conventional C57BL/6 animals. Moreover, C. muridarum-challenged
Chlamydia trachomatis is the leading cause of sexually transmitted bacterial disease, with an estimated 90 million cases occurring worldwide each year (2) . Recurrent chlamydial infections are common (11) and lead to chronic inflammatory complications, including pelvic inflammatory disease, ectopic pregnancy, and infertility (2, 11, 25, 26) . The incidence rate of this infection has continued to increase over the last decade despite the availability of potent antimicrobial regimens against chlamydiae (18) , underscoring an urgent need to develop an effective antichlamydial vaccine (2, 14) .
Chlamydia has evolved several strategies to evade host immune responses. A secreted chlamydial protease-like activity factor (CPAF) has been reported by Zhong and colleagues to cleave host major histocompatibility complex (MHC) transcription factors (28) and keratin-8 (4), potentially allowing chlamydial survival and expansion within infected cells, respectively. High titers of anti-CPAF antibodies in Chlamydia-seropositive humans have also been observed (21) . Additionally, these antibodies have been demonstrated to neutralize the protease activity of CPAF (22) . We recently demonstrated the efficacy of intranasal CPAF vaccination in inducing robust gamma interferon (IFN-␥)-dependent protective immunity against Chlamydia muridarum challenge (A. K. Murthy and B. P. Arulanandam, unpublished data) in a murine model of genital chlamydial infection (14) . These results suggest an important role for CPAF in antichlamydial immunity and the relevance of additional characterization of this protein as a potential vaccine candidate for humans.
Chlamydial infection in mice induces a robust CD4 ϩ T-cellmediated protective cellular immune response (14-16, 23, 24) , indicating that critical epitopes of chlamydial antigens are presented via the MHC class II pathway. The mapping of T-cell epitopes by using conventional mice is problematic because of the differences in MHC binding properties between murine and human MHCs (6) . These constraints can be overcome by using mice that lack endogenous murine MHC class II molecules but express a human MHC class II (HLA) allele (7) . Through exon shuffling, these mice are engineered to express the extracellular human ␣1 and ␤1 domains of HLA-DRA and HLA-DRB1*0401, which jointly form the peptide binding groove that defines peptide binding specificity, in conjunction with the murine membrane proximal ␣2 and ␤2 domains, which form the binding site for the (murine) CD4 molecule (10) . HLA-DR4 has been shown to be the predominant MHC allele involved in the presentation of chlamydial antigens to T cells (3, 5, 19, 20, 27) , and the frequency of the HLA-DR allele in humans is 29% in Caucasian individuals, 10% in African Americans, and 34% in others (13) , indicating the translational value of the epitopes identified in these mice for humans.
In this study, we have established a genital C. trachomatis mouse pneumonitis (recently designated the separate species C. muridarum) infection model using HLA-DR4 transgenic (tg) mice. HLA-DR4 tg animals infected intravaginally (i.vag.) with C. muridarum were found to exhibit an immune response and resolution kinetics comparable to those of conventional C57BL/6 animals. HLA-DR4 tg mice mounted both antibody and cellular immune responses to CPAF after i.vag. C. muridarum challenge. In addition, intranasal vaccination with CPAF plus interleukin-12 (IL-12) induced robust Th1-type anti-CPAF cellular and humoral responses and significantly accelerated the resolution of genital C. muridarum infection, similar to what was observed for vaccinated conventional C57BL/6 animals. Collectively, these results indicate that CPAF contains human HLA-DR4 determinants that are capable of inducing protective antichlamydial immunity. Thus, the HLA-DR4 tg mice may be useful for mapping CPAF determinants that have translational value for humans. supernatants were then assayed for IFN-␥ and IL-4 by using BD optELISA kits (BD Pharmingen, New Jersey) according to the manufacturer's instructions. Results were calculated and expressed as pg/ml of IFN-␥ or IL-4.
Detection of antibody levels by ELISA. Microtiter plates (96 well) were coated overnight with UV-inactivated C. muridarum (10 5 IFU/well) or 5 g/well of CPAF in sodium bicarbonate buffer (pH 9.5), washed with PBS containing 0.3% Brij-35 (Sigma), and blocked for 1 h at room temperature with PBS containing 2% bovine serum albumin (EM Science, Gibbstown, NJ). Serial dilutions of sera were added to the wells and incubated at room temperature for 2 h. The plates were then washed and incubated for an additional 1 h with goat anti-mouse total Ig conjugated to alkaline phosphatase (Southern Biotechnology Associates, Birmingham, AL). After incubation for 1 h, the plates were washed and p-nitrophenyl phosphate substrate was added for color development. Absorbance at 405 nm was measured using an ELISA microplate reader (Biotek Instruments, Winooski, VT). No binding of immune sera was observed when the plates were coated with the unrelated antigen HEL.
Cloning and expressing CPAF. The open reading frames coding for CPAF from the C. trachomatis L2 genome were cloned into pBAD vectors and expressed as fusion proteins with a six-His tag at the N terminus. The amino acid sequences of CPAF from serovar L2 and C. muridarum share significant identity (82%). Expression of the fusion protein designated CPAF (CPAF with a six-His tag) was induced with L-arabinose (Sigma), and the fusion proteins were extracted by lysing the bacteria via sonication in Triton X-100 lysis buffer (1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 75 U of aprotinin/ml, 20 M leupeptin, and 1.6 M pepstatin). After high-speed centrifugation to remove debris, the fusion protein-containing supernatants were purified further with Ni-nitrilotriacetic acid agarose beads (QIAGEN, Valencia, CA) for six-His tag proteins.
i.n. immunization procedures. Intranasal immunization was performed as described previously (1) . Briefly, mice were anesthetized i.n. with 3% isofluorane by using a rodent anesthesia system (Harvard Apparatus, Holliston, MA). Mice were immunized i.n. on day 0 with 15 g rCPAF dissolved in 25 l sterile PBS and on days Ϫ1, 0, and ϩ1 with or without 0.5 g of recombinant murine IL-12 (Wyeth, Cambridge, MA) in PBS containing 1% normal mouse serum. Mice were boosted i.n. with 15 g rCPAF with or without IL-12 (0.5 g) on days 14 and 28. Some mice received only PBS-normal mouse serum (no rCPAF vaccine). As previously described, no toxicity was observed with the IL-12 treatment regimen (9) . The dose of rCPAF that provided optimal protection against genital C. trachomatis challenge in BALB/c mice was used (Murthy and Arulanandam, unpublished) .
Statistical analyses. Sigma Stat (Chicago, IL) was used to perform all tests of significance. The Kruskal-Wallis test was used to determine differences in vaginal chlamydial shedding between experimental groups. The infection resolution times between groups were compared using the Kaplan-Meier test. Differences were considered statistically significant if P values were Ͻ0.05. All data shown are representative of at least two independent experiments and have been expressed as means Ϯ standard deviations (SD).
RESULTS
HLA-DR4 tg mice resolve primary genital C. muridarum infection similar to conventional C57BL/6 mice. The resolution of primary genital C. muridarum infection following challenge with 1,500 IFU was analyzed by comparing vaginal chlamydial shedding results at timed intervals in conventional C57BL/6, MHC-II ⌬/⌬ , and HLA-DR4 tg mice. As shown in Fig. 1A and B, challenged HLA-DR4 tg mice displayed resolution kinetics comparable to those of conventional C57BL/6 animals. The chlamydial shedding progressively reduced (Fig.  1A ) such that 100% of HLA-DR4 tg and C57BL/6 animals resolved the infection by day 27 after challenge ( Fig. 1B) . In contrast, challenged MHC-II ⌬/⌬ animals shed significantly greater numbers of Chlamydia (Ն0.5 log) than similarly treated HLA-DR4 tg and conventional C57BL/6 animals at day 9 after challenge and at all subsequent time points examined (Fig.  1A) . All of the challenged MHC-II ⌬/⌬ animals were still shedding considerable numbers of Chlamydia (114 Ϯ 12) even at day 30 after challenge (Fig. 1B) . These results indicate that (i) VOL. 74, 2006 CPAF INDUCES PROTECTIVE ANTICHLAMYDIAL IMMUNITY 6723 MHC class II molecules are important in chlamydial clearance, (ii) chlamydial antigenic epitopes presented on human HLA-DR4 molecules elicit protective immunity, and (iii) epitopes presented on HLA-DR4 molecules induce protective immunity comparable to that of epitopes presented on murine MHC class II molecules, suggesting that HLA-DR4 tg mice are a useful model for studying immunity against genital chlamydial infections. Antichlamydial immune response in HLA-DR4 tg mice is comparable to that in conventional C57BL/6 mice. The cellular and humoral immune responses were analyzed in the HLA-DR4 tg, C57BL/6, and MHC-II ⌬/⌬ animals after i.vag. challenge with 1,500 IFU of C. muridarum. On day 14 after challenge, splenocytes from challenged animals were stimulated in vitro with UV-inactivated C. muridarum and the production of IFN-␥ and IL-4 was measured. As shown in Fig. 2A , splenocytes from C. muridarum-infected HLA-DR4 tg animals exhibited a high level (3,702 Ϯ 242 pg/ml) of antigen-specific IFN-␥ production, which is comparable to what was observed with splenocytes from similarly infected conventional C57BL/6 mice (3,482 Ϯ 307 pg/ml). In contrast, splenocytes from MHC-II ⌬/⌬ animals displayed only minimal amounts of IFN-␥ production (68 Ϯ 20 pg/ml). Mock-infected (PBS) animals and cells stimulated with medium alone or an unrelated antigen (HEL) did not exhibit antigen-specific IFN-␥ production, suggesting the specificity of the immune response. There was no detectable IL-4 production in splenocytes from any animal group (data not shown).
The serum humoral response was measured on days 14, 21, and 28 after i.vag. C. muridarum challenge. As shown in Fig.  2B , HLA-DR4 tg mice displayed progressively increasing titers of anti-C. muridarum serum antibodies that were comparable to those of conventional C57BL/6 mice on days 14 (1,177 Ϯ 182 and 1,213 Ϯ 323, respectively), 21 (1,394 Ϯ 130 and 1,514 Ϯ 438, respectively), and 28 (1,620 Ϯ 142 and 1,838 Ϯ 217, respectively) after challenge. In contrast, MHC-II ⌬/⌬ animals displayed severely reduced titers of serum antibody at each time point examined. Mock-infected (PBS) animals did not produce detectable titers of anti-C.muridarum antibodies, and none of the animal groups displayed serum antibodies against the unrelated antigen HEL (data not shown). Collectively, these results indicate that the antichlamydial immune response in HLA-DR4 tg animals was comparable to that in conventional C57BL/6 mice. Furthermore, the markedly re- Immune responses to CPAF following primary genital chlamydial challenge. We examined whether human MHC-II molecules in HLA-DR4 tg mice present CPAF epitopes during an active genital chlamydial infection by comparing anti-CPAF immune responses in HLA-DR4 tg animals with those in C57BL/6 and MHC-II ⌬/⌬ animals following genital C. muridarum challenge. On day 14 after challenge, splenocytes from mice were stimulated in vitro with CPAF, medium alone, or the unrelated antigen HEL. As shown in Fig. 3A , splenocytes from C. muridarum-infected HLA-DR4 tg animals exhibited a high level (1,106 Ϯ 252 pg/ml) of antigen-specific IFN-␥ production, comparable to that exhibited by splenocytes from similarly infected conventional C57BL/6 mice (1,242 Ϯ 324 pg/ml). In contrast, splenocytes from MHC-II ⌬/⌬ animals displayed only minimal amounts of IFN-␥ production (250 Ϯ 46 pg/ml). Cells treated with HEL or medium alone did not exhibit detectable IFN-␥ production. There was no detectable IL-4 production in any culture supernatant (data not shown). These results indicate the induction via the HLA-DR4 molecules of a Th1-type anti-CPAF cellular immune response during genital C. muridarum infection.
The humoral response against CPAF was also analyzed at various timed intervals in i.vag. C. muridarum-challenged HLA-DR4 tg versus C57BL/6 and MHC-II ⌬/⌬ animals. As shown in Fig. 3B , HLA-DR4 tg mice displayed progressively increasing titers of anti-C. muridarum serum antibodies that were comparable to those for conventional C57BL/6 mice on days 14 ( 
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⌬/⌬ animals displayed severely reduced titers of serum antibody at each time point examined. At the same time points, there was no detectable CPAF-specific antibody response in mock-infected (PBS) animals and no antibody binding in plates coated with the unrelated antigen HEL. These results demonstrate the induction of a CPAF-specific humoral response via HLA-DR4 molecules after i.vag. C. muridarum challenge.
Intranasal vaccination with CPAF induces a robust immune response. We have previously demonstrated that i.n. vaccination with CPAF plus IL-12 induces a robust Th1-type cellular and humoral immune response and leads to protective immunity against genital C. muridarum infection in conventional BALB/c mice (Murthy and Arulanandam, unpublished) . The induction of immune responses at timed intervals after i.n. CPAF-plus-IL-12 immunization was examined in the present study using HLA-DR4 tg mice compared to similarly treated C57BL/6 and MHC-II ⌬/⌬ mice. Animals were immunized with CPAF plus IL-12 on day 0 and boosted on days 14 and 28. On day 14 after primary immunization, splenocytes were stimulated in vitro with CPAF, medium alone, or HEL for 72 h and the production of IFN-␥ and IL-4 was analyzed by ELISA. As shown in Fig. 4A , high levels of IFN-␥ production were induced in splenocytes from CPAF-plus-IL-12-immunized HLA-DR4 tg mice (3,800 Ϯ 77 pg/ml) and C57BL/6 mice (3,463 Ϯ 363 pg/ml) but not MHC-II ⌬/⌬ animals (25 Ϯ 22 pg/ml) upon in vitro stimulation with CPAF. Splenocytes from mock-immunized (PBS) animals stimulated with CPAF or cells from any group stimulated with the unrelated antigen HEL did not display detectable IFN-␥ production. There was minimal IL-4 production in each of the cell cultures (data not shown). Furthermore, splenocytes from mice receiving IL-12 alone did not exhibit CPAF-specific IFN-␥ production (data not shown).
The induction of a CPAF-specific humoral response after immunization was examined 10 days after the last booster immunization. As shown in Fig. 4B , HLA-DR4 tg mice exhibited titers of anti-CPAF antibody comparable to those of similarly treated conventional C57BL/6 animals with high titers of total Ig (5,670 Ϯ 465 and 5,560 Ϯ 665, respectively), IgG2a Intranasal CPAF vaccination enhances resolution of genital chlamydial infection. The resolution kinetics of a genital chlamydial infection was analyzed in CPAF-plus-IL-12-immunized HLA-DR4 tg, C57BL/6, and MHC-II ⌬/⌬ mice. Animals were immunized i.n. with CPAF plus IL-12 or PBS on days 0, 14, and 28, rested for 1 month, and challenged i.vag. with C. muridarum (1,500 IFU). As shown in Fig. 5A , vaccinated HLA-DR4 tg and C57BL/6 mice displayed significantly reduced (Ͻ35%) vaginal chlamydial shedding as early as day 3 after challenge and at subsequent time points compared to corresponding mock-immunized (PBS) animals. Chlamydial numbers rapidly reduced in the vaccinated HLA-DR4 tg mice, and complete resolution of infection was attained in 67% of animals by day 15 and 100% of animals by day 18 after challenge (Fig. 5B) . Vaccinated C57BL/6 animals exhibited kinetics comparable with those of 100% of animals completely resolving the infection by day 15 after challenge. Mock-immunized (PBS) HLA-DR4 tg and C57BL/6 animals completely resolved the infection between days 27 and 30 after challenge. In contrast, none of the MHC-II ⌬/⌬ animals immunized with CPAF plus IL-12 or PBS had resolved the infection at day 30 after challenge ( Fig.  5B) and all of the animals were still shedding a considerable number of organisms (198 Ϯ 82 or 114 Ϯ 29 IFU, respectively) at that point. Treatment with IL-12 alone did not appreciably affect bacterial clearance and was comparable to mock (PBS) immunization (data not shown). Collectively, these results demonstrate that (i) MHC class II molecules are important in the generation of protective immunity against genital chlamydial infection and that (ii) epitopes of CPAF presented on human HLA-DR4 molecules generate robust antichlamydial protective immunity, leading to accelerated resolution of genital chlamydial infection.
DISCUSSION
We used HLA-DR4 tg mice to examine whether the presentation of CPAF epitopes on human MHC-II molecules can induce protective immunity against genital chlamydial challenge. Intranasal vaccination of HLA-DR4 tg mice with CPAF plus IL-12 elicited a Th1 cellular immune response and robust antibody production and significantly accelerated the resolution of genital C. muridarum infection, similar to what was observed for vaccinated conventional C57BL/6 animals. This protection was not evident in CPAF-plus-IL-12-immunized MHC-II ⌬/⌬ animals. Results from this study suggest the presence of protective HLA-DR determinants on CPAF and support the translational value of this candidate vaccine antigen for humans.
To our knowledge, this is the first study using HLA-DR4 tg mice to examine immunity against chlamydial infections. HLA-DR4 tg mice were originally generated with HLA-DRA-IEa and HLA-DRB1*0401-IE␤ chimeric genes and then backcrossed to MHC-II ⌬/⌬ mice to eliminate any effect of endogenous MHC class II proteins (10) . Therefore, all MHC class II-restricted responses in HLA-DR4 tg animals are induced via the human HLA-DR4 molecules. Chlamydia-infected HLA-DR4 tg mice developed a C. muridarum-specific Th1-type cellular response, as indicated by high IFN-␥ production, and resolved the infection by approximately 30 days after challenge. The immune response and resolution kinetics in these mice were qualitatively and quantitatively comparable to those in similarly treated conventional C57BL/6 mice, in which immunity against primary genital C. muridarum infection has been extensively characterized (14) . Chlamydial infections typically induce a Th1-type immune response in challenged C57BL/6 animals, and such responses, specifically IFN-␥, have been demonstrated to be important in the resolution of the infection (2, 14) . Challenged MHC-II ⌬/⌬ animals in the present study developed only minimal cellular and humoral Chlamydia-specific responses and failed to resolve the infection within the 30-day period monitored, indicating that protective immunity was induced primarily via the HLA-DR4 molecules in challenged HLA-DR4 tg animals. Collectively, these results suggest that HLA-DR4 tg mice are a good model for studying immune responses against genital chlamydial infections.
CPAF expression has been detected as early as 8 to 12 h after chlamydial challenge by Western blot analyses (4) and at approximately 30 h by immunofluorescence staining (28) . We recently identified in situ CPAF expression in the genital tracts of C. muridarum-infected HLA-DR4 tg mice (Murthy and Arulanandam, unpublished) . CPAF was detected in the columnar cells of the endocervix and endometrium of the genital tract of infected HLA DR4 tg mice at 4 days after challenge. These results are supported by our observations from in vitro experiments in which low levels of CPAF have been shown to degrade USF-1 and RFX-5, host transcription factors for MHC antigen expression (28) , which may allow infected epithelial cells to evade immune detection. More recently, CPAF was also shown to degrade keratin-8, thus potentially allowing expansion of the chlamydial vacuole inside the host cell and also possibly prolonging survival of the infected cells (4) . Therefore, neutralization of such CPAF activity in vivo could result in immune-mediated elimination of infected cells and/or prevention of chlamydial vacuolar expansion, thus leading to an abortive infection in such cells. In fact, we recently demonstrated that intranasal vaccination with CPAF and IL-12 induces a robust Th1-type CPAF-specific immune response and leads to significantly accelerated resolution of a genital chlamydial infection in conventional BALB/c animals (Murthy and Arulanandam, unpublished) .
HLA-DR4 tg mice are a useful model for examining the immune responses against bacterial antigens in the context of human as opposed to murine MHC-II molecules. Intravaginal C. muridarum infection in HLA-DR4 tg mice induced a strong CPAF-specific Th1 cellular response and antibody production. Characterization of the immune responses to chlamydial vaccine candidate antigens has been widely pursued, both as a means to better understand the underlying T-cell-mediated immunity and to develop better strategies for vaccine development. However, such studies of humans are limited by difficulties in sampling and by technical difficulties in analyzing the ensuing T-cell response directly ex vivo without introducing culture artifacts. As a consequence, chlamydial vaccine candidates are routinely tested in murine models. The T-cell responses against these antigens occur in the context of murine MHC molecules, whose determinant binding characteristics differ from those of the corresponding human MHC alleles (6) . Specifically, MHC molecules are highly polymorphic, and each allelic MHC product has a unique peptide binding motif that makes it specific for a unique peptide fragment of the antigen (7). Since individuals within a population that express different MHC alleles exhibit unique peptide binding properties, rules of determinant recognition established for one allele do not apply to another allele and determinant presentation data from one species cannot necessarily be extrapolated to another (7) .
These constraints can be overcome by using mice that lack endogenous murine MHC class II molecules but express a human HLA allele (HLA-DR4 tg mice). The chimeric MHC molecules show the same peptide binding specificity as the HLA-DR4 molecules and are capable of presenting antigens to human T cells (10) . In addition, since the cytoplasmic tail of the HLA-DR-IE␣ construct of the transgenic mice was derived from the murine MHC class II molecule, signaling and sorting of the MHC class II molecules via the cytoplasmic tail of the HLA-DR constructs can be assumed to be normal, without affecting the functioning of the antigen-presenting cells. The production of significant amounts of IFN-␥, but not IL-4 recall responses, by splenocytes of CPAF-immunized mice in this study indicates the induction of a Th1-biased anti-CPAF cellular immune response. Furthermore, CPAF-vaccinated HLA-DR4 tg mice, but not MHC-II ⌬/⌬ animals, resolved the infection significantly earlier than the corresponding challenged mock-immunized animals. This clearly demonstrates that (i) CPAF-specific immune responses after vaccination induce protection against genital chlamydial challenge and, more importantly, (ii) CPAF contains protective determinants that are processed and presented by human HLA-DR4 molecules. This observation implies great importance for CPAF as a potential vaccine candidate for humans and warrants further mapping of protective CPAF epitopes that are restricted by human MHC class II alleles. In this regard, HLA-DR4 tg mice have been utilized to identify T-cell-reactive peptides against the outer surface protein (OspA) of Borrelia burgdorferi, the agent of Lyme disease (8) . The immunodominant peptides identified using the HLA-DR4 tg mice were shown to generate immune responses similar to those generated in treatment-resistant Lyme-induced arthritis patients. These results reinforce the relevance of using HLA-DR4 tg mice to identify MHC-related epitopes that have relevance to human disease.
Our study indicates that HLA-DR4 tg mice that express the human HLA allele provide an appropriate model for studying immune responses against genital C. muridarum infection and constitute a viable platform for mapping candidate CD4 ϩ Tcell antigens, such as CPAF, that may have translational value in humans.
